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FOREWORD 

This  rsport  has  b««n  preparsd  by  Hughas  Tool  Company  —  Aircraft 
Dlrlsion  undar  USAP  Contract  AP  33(600) -3027I  "Hot  Cycle  Preeaura 
Jat  Rotor  Syatam",  D/A  Projaet  Numbar  9-38-OI-OOO,  Subtaak  616. 

Th9  Hot  Cycla  Praaoura  Jat  Rotor  Syatam  ia  baaed  on  a  prln- 

I 

clple  wheraln  tha  axhauat  gaaaa  from  high  preaaure  ratio  turbojet 
angiaa(a)  located  in  the  fuaalaga  are  ducted  through  the  rotor  hub 
and  blades  and  are  exhauated  through  a  nozzle  at  the  blade  tipa^ 
Forces  thus  produced  drive  the  rotor. 

The  objectives  of  this  contract  are  to: 

1.  Analyze  utility  of  tha  concept  as  applied  to  helicopters, 
compound  helicopters,  and  convert iplanas  of  various  sizes. 

2.  Demonstrate  structural  feasibility  by  design,  fabrication 
and  whirl  test  of  a  rotor  (25  hours  of  whirl  test). 

3.  Further  explore  rotor  characteristics. 

a.  Aerodynamic  and  Dynamic  (additional  10  hours  of 
whirl  test) 

b.  Endurance-type  check  (additional  25  hours  of  whirl 
test) 

4.  Study  control  problems  Involved  in  gas  coupled  engine 
and  rotor. 

This  report  covers  that  portion  of  the  work  pertaining  to 
analysis  of  the  design  prior  to  whirl  test,  specifically  a  study 
of  blade  potential  resozuinces.  It  is  in  partial  fulfillment  of 
Item  4jS,  covering  Analysis  Pertaining  to  Design  of  the  Rotor  System, 
performed  under  Item  4  b  of  the  oontraet. 
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TABLB  OT  CONTIKTS 

SUMK&BT 

KBTHOD  OF  ANALYSIS 

DISCUSSION 

Elaatlo  Plapwlfo  Modes 
First  Mode  Flapelee 
Seoond  Mode  Flapwlse 
Third  Mode  Plapwlae 
Blaetie  Chordelee  Modes 

First  Mode  Chordelse  Firmed 
First  Mode  Chordwise  Cantllerer 
Second  Mode  Chordwise  Cantilever 
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FRSDICTSD  RSS0NANCK5  HOT  CYCLE  WHIRL  TEST 

SPSCINSN  (Fifure  1) 

HOT  CYCLE  BLADE  MODE  SHAPES  (Figure  2) 

APPENDIX  A  >  Natural  Frequenclee  and  Mode 
Shapes  Of  A  Rotor  Blade  In- 
eluding  Shear  Deflections  And 
Rotary  Inertia  By  The 
I'lyklestad  Method 
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SUMMARY 

Figure  1  presents  the  predicted  blade  elastic  resonant  condi¬ 
tions  for  the  Hot  Cycle  whirl  test  rotor.  This  figure  Indicates 
the  rotor  should  be  free  of  resonance  within  the  operating  range. 

The  apparent  resonance  of  chordwlse  cantilever  second  mode 
with  a  6/rev  exciting  force  In  the  operating  range  of  RPM  Is  not 
expected  to  occur.  This  Is  because  the  exciting  forces  are 
assumed  of  aerodynamic  origin  and«  In  a  3-bladed  rotor «  6/rev 
aerodynamic  forces  will  excite  chordwlse  pinned  modes  only. 
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MOPgL  WtPQWT  MO.  f6g-14^  2 

ANALYSIS  - — - — 

FlkCPARCD  BY^  _ _ 

CHCCKgP  BY - -  ...  _ _ _  .  —  _ 

METHOD  ANALYSIS 

The  Mykleatad  nethod  of  deternlnlng  the  theoretical  tiatural 
frequenciee  waa  uaed.  A  dlacuaalon  of  thla  eiethcd  la  preaented  in 
the  Appendix.  The  Mjkleatad  axuilsrala  waa  progrased  on  the  IBM 
7090  oonputer.  The  analyala  uaea  21  atatlona  and  determlnea  the 
natural  frequency  to  within  .001  rad/aeo. 

The  natural  frequexicy  occura  when  the  bending  moment  at  the 
root  la  sero  on  a  pinned  free  blade  (flapwlae  bending)  and  when 
the  angle  at  the  root  la  zero  for  a  fixed  free  blade  (ohordwlae 
cantileTer  bending).*  Thua^  It  la  neceaaary  to  compute  the  root 
moment  or  angle  at  varloua  frequenclea  (co)  to  determine  the  re- 
aonanoc  point.  Thla  waa  done  by  atartlng  at  ^  *  1,2  x  rotor 
apeed  and  Inereaalng  U)  until  the  root  moment  or  angle  changea 
algn.  After  a  change  In  algn  occura,  a  parabola  la  paaaed  through 
the  laat  three  polnta  to  determine  the  next  try  for  UJ  .  Thla  la 
done  until  Ueonvvgem  to  within  .001  rad/aec.  The  mode  shape 
la  then  determined  for  this  resonant  frequency.  The  program 
continues  Increasing  Co  and  searching  for  the  resonant  frequen¬ 
cies  until  four  modea  are  obtained. 

It  la  known  that,  approximately 

^rot  "  ^non-rot 

where •  the  natural  frequency  of  the  rotating  blade 

^non-rot  “  natural  frequency  of  the  blade 

-fL  a  rotating  frequency  of  the  rotor 

k  •  a  numerical  factor  which  differs  for  each  mode. 

*  See  Figure  2  for  mode  shapes. 
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The  theoretical  ralue  of  k  waa  obtained  from  the  Mykleatad 

analyalB  described  above.  Thle  uaa  done  for  all  bonding  modes 

of  Figure  1  with  the  exception  of  the  chordwise  cantilever  second 

node  which  was  developed  from  an  Yntema  analysis,  Eeference  1. 

Then,  from  shake  test  results*,  the  actual  value  (or  In  most 

oases  range  of  values)  f or  ^  waa  determined.  These  values 

non-rot 

were  reduced  by  a  factor  /  14  x  10^  which  la  meant  to  account 

y  16  X  10^ 

approximately  for  the  reduction  of  the  modulus  of  elasticity  of 
the  titanium  spars  from  the  room  temperature  value  at  which  the 
shake  tests  were  performed  to  the  value  when  the  spara  are  at  whirl 
test  operational  temperatures. 

Having  then  established  aj  ^  the  value  of  k  determined 

^  non-rot, 

as  described  above  was  assumed  to  be  valid  for  the  actual  blade. 
Under  these  conditions,  the  frequency  lines  of  Figure  1  were 
plotted. 

The  measured  chordwise  cantilever  frequencies  were  corrected 
for  the  tension  load  applied  to  prevent  buckling  of  the  straps. 

The  chordwise  pin-end  mode  was  corrected  from  the  test  condi¬ 
tion  (pinned  at  the  feathering  ball)  to  the  operational  condition 
(pinned  at  the  rotor  shaft). 

The  third  mode  flapwlae  frequency  curve  la  based  entirely  on 
theoretical  calculations  inasmuch  as  the  shake  tests  were  not  car¬ 
ried  out  to  high  enough  frequency  to  excite  the  non-rotating  third 
mode  flapwlse  frequency. 


*  Reference  2 
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DISCUSSION 

Table  1  presents  the  predicted  Hot  Cycle  HGSonances  between 

«• 

TO?'/  nnd  99/^  f>f  Klnlmun  Kornal  Operating  Rotor  EPH.  These  values 

wsrr%  obtained  from  Figure  1 

Table  1 

Fredloted  Hot  Cycle  Resonances  Between 

70f5  end  9955  of  Mlnlmun  Normal  Operating  Rotor  RPM 

Subsystea 

llmturaX  Frequency 
Ratio  (per  rev} 

At  Resonance 

Rotor  RPM 

At 

Reeonance 

5$  Mlnlrauci 
Norsaal  Operating 
RPM 

Remarks 

Plapwlse 

2n4  node 

Flapwlse 

3rd 

Chordwlse 
Cantileyer 
1st  ilode 

CherdwlEs 

Pinned 

1st  Mode 

Chordwise 
Cantllevsr 
2nd  Mode 

S/rev 

7/rer 

2/rev 

6/rev 

7/rev 

8/rev 

151-193 

205 

175 

197 

188-197 

164-172 

72-88 

94 

80 

90 

86-90 

75-78 

Sl&itlc  Flapwli#  Mcdaa 

lit  Koda  Flapwlaa  -  Th«  predicted  natural  frequency  ratio 
squared  aa  a  function  of  rotor  rptn  squared  Is  shown  In  Figure  1. 
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At  about  85  rpm,  the  natural  frequency  ratio  la  3/rov,  Thereafter, 
aa  rotor  speed  Increaaes,  the  frequency  ratio  morea  toward  2/rev 
and  farther  away  from  a  multiple  of  rotor  speed.  There  appears 
to  be  no  problem  In  this  node. 

and  Mode  Plapwlee  -  The  seoond  mode  flapwlee  natural  frequency 
Is  also  shown  In  Plgure  1.  The  natural  frequency  ratio  passes 
through  6/rev,  end  higher  resonances  below  I39  rpn.  The  range  of 
possible  second  node  flapwise  resonance  with  3/rev  Indicates  a 

t 

possibility  of  resonance  as  hli^  ss  193  rpm  (88^  of  the  Mlnletnn 
operating  rpn) • 

3rd  Mode  Flapwise  >  The  predicted  third  node  flapwise  reson¬ 
ance  also  appears  in  the  flginres.  This  prediction  Is  less  reli¬ 
able  than  the  lower  nodes  since  there  were  no  attenpts  during  ehake 
tests  to  find  a  stationary  third  node  frequency.  A  7/rev  reson¬ 
ance  at  203  rpn  of  nlnlnun  rpn)  Is  Indicated. 

Elastic  Chordwlse  Modes 

For  chordwlse  elastic  vibration  there  exist  two  possible  end 
conditions  at  the  centerline  of  rotation.  The  end  condition  de¬ 
pends  on  whether  the  elastic  notions  of  the  three  blades  are  la 
phase  or  out  of  phase.  If  all  three  blade  notions  ere  In  phase, 
then  the  center  of  rotation  behaves  aa  a  pinned  bean.  For  aero¬ 
dynamic  forcing,  the  pinned  end  condition  should  occur  at 
6/rev,  9/rev,  etc.  - 

If  the  blade  notions  are  opposed  to  one  another,  then  the 
center  of  rotation  behaves  ss  a  fixed  beam.  Aerodynanio  forcing  for 
fixed  root  modes  should  occur  at  all  multlplss  of  rotor  spesd 
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except  ii^tGger  liiultlples  of  th«  total  number  of  blade*  (In  this 

caaQi  3) .  " 

Ist  Mode  Chordwlae  Pinned  -  At  rotor  apoeds  leas  than  normal 
operatlxig  rpsi»  1b^  mode  chordwiaa  plnnad  should  b*  in  reaonanoa*  with 
9/r«ir  at  125  PP®  6/rev  at  197  vpw*  Thla  latter  value  la  9O5S 
of  ninlaua  nomal  operating  rpa* 

Ko  higher  sodas  of  chordwiaa  plnnad  ara  oonaldarad  ainca  they 
will  ba  of  4uita  hle^  fraquaney  and  ara  unaubatantlatad  by  any  ohaka 
testa • 

Plrat  Hoda  Chordwiaa  Cantllavar  -  As  aaan  la  Flgxira  1,  tha 
slops  of  tha  plot  of  first  node  ohordwlse  cantllavar  la  snail  and 
tha  value  of  frequaney  is  rather  low.  %us,  the  frequency  plot 
oroasaa  all  tha  per  rav  lines  except  1/rev  below  operating  r pm.  At 
175  rpa«  this  node  Is  In  resonance  with  a  2/rsy  force.  In  tha  oper- 
atlng  range,  the  fraquenoy  appears  to  ba  adequately  below  2/rav 
and  above  1/rav. , 

Second  Koda  Chordwiaa  Cantllavar  •  This  frequency  plot  is  Inter¬ 
cepted  by  a  6/rov  line  In  tha  operating  range  of  rpa.  However,  if 
it  ia  assttuad  all  forcing  funotiona  for  this  node  ara  of  aarodynaeio 
origin,  than  any  6/rav  harnonie  would  axeita  a  pin-andad  mode  end 
not  a  fixed  ended  soda.  On  thla  basla  it  is  assuned  no  serious  rs- 
sonanee  with  6/rav  forces  will  occur  for  this  nods. 

Resonance  with  7/rav  or  8/rev  haraonlos  of  an  aerodynsmlo 
exciting  force  are  possible,  however.  Resonance  with  7/rev  for 
second  node  cantilever  is  possible  at  197  rpm  as  seen  in  Figure  1. 
This  is  90^  of  minimun  normal  operating  rpm. 
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APPIMOIX  A 


Katural  grwiup«cl»»  axi  Kod<  Sh>p>t 
Of  A  Rotor  »lad»  Including 
Sh»ar  Daflaofelana  And  Rof ry  Inaytla 
By  Tha  Krkla»taA  Kathoa 


SYMBOLS  FOR  APPENDIX  A 

A  «  Cross  ssctlon  arsa. 

C7  m  Cantrlfugal  fore*. 

dg,  m  Daflaetlon  dut  to  shsar,  sss  Pigurs  3* 

•  Daflsotlon  dut  to  nosMot#  •••  Figure  2. 

£  a  Modulus  of  olsstloltp* 

•  m  Bisgo  offset, 

a  •  Modulus  of  rigidity. 

H  m  Luaped  mass  aoMnt  of  Inertia. 

1  <m  Cross  seetioB  area  noneat  of  inertia. 

Z7  m  Inertia  fores. 

IN  •  Inertia  neaent. 

K  ■»  Constant  depending  on  shape  of  eross  seotlon^ 

see  equation  1. 

L  ■  Length  of  blade  aegneat«  see  Figure  1. 

^  m  Dlstaaoe  betueea  lueped  sutsses^  see  Figure  1. 
M  m  Moeent. 

n  m  Lumped  siassn  see  Figure  1. 

r  m  Distance  froa  eenterllne  to  section  of  blade « 
see  Figure  1. 

S  •  Shear 

Vp  m  Slope  due  to  shear,  see  Figure  3* 

-  Slope  due  to  moment,  eee  Figure  2. 
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X  «  Distance  from  hinge  to  section  of  blade,  see 

W.gure  1 . 

y  m  Deflection. 

oC  •  Slope. 

JD-  m  Rotor  angular  velocity. 

OJ  m  Natural  frequeney. 


SubecriPte 

1  m  Refers  to  station. 
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